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Abstract
Poor wellbore integrity is a risk in CO2 storage that must be evaluated at any geologic sequestration site.  The
conditions of five wells from two fields in Wyoming were studied to better understand pre-injection leakage potential 
in existing wells. Ultrasonic and sonic logging tools mapped the condition of the casing and cement in each well.
Permeability testing outside the casing was conducted using two different dynamic testing tools making point and 
vertical interference test measurements   Permeability was also measured through laboratory testing of cased-hole 
sidewall cores.  The results of laboratory measurements were generally in the microdarcy-to-nanodarcy range and
indicate that the well cements have not degraded from exposure to the formation brines. The results of vertical 
interference tests when compared to lab measurements imply interfaces between casing and cement or cement and 
formation are more significant with respect to leakage than the quality of the cement at the tested location.
© 2013 The Authors. Published by Elsevier  Ltd.
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1. Introduction
Leaky wellbores pose an important risk to storage integrity that must be evaluated at any geologic
sequestration site because they represent potential high-permeability pathways through otherwise low-
permeability caprock.  Field and laboratory studies have shown well cement can be affected by carbon 
dioxide (CO2) at differing severities depending on exposure conditions and pressure history [1, 2, 3, 4]. 
Little work has examined the specific baseline condition of wells prior to CO2 exposure. A Study by 
Watson and Bachu [5] considered the relationship of well construction parameters to the probability of 
sustained casing pressure, but did not identify specific leakage pathways. Understanding the condition of 
existing wells prior to CO2-injection is essential for evaluating potential CO2 leakage and ensuring
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minimized risk. 
Studies of pre-CO2-injection wellbore integrity may identify potentially risky wells and prevent 
leakage.   Pre-injection data also act as a baseline during the project and may be useful in diagnosing 
project-related changes around the wellbore.  This paper describes the results of a field study on the 
condition of five wells from two fields in Wyoming (USA). The goal was to better understand pre-
injection leakage properties. The study focused on well sections through shale zones, although some non-
shale core data were also collected. The wells were six to 25 years old with light, pozzolan, and Class G 
well cements.   
The study used ultrasonic and sonic logging tools to map the condition of the casing and cement in 
each well.  These maps (logs) were used to establish locations for further testing and sampling.  The maps 
were also used to compare wells within the same field for similarities in the condition of the cement and 
casing [6].  Permeability testing of the cemented annulus was conducted using two different dynamic 
testing tools.   One tool was used to collect point measurements in the cement and in the formation that 
provided data on the flow properties of the individual materials responsible for the well’s integrity.  The 
other tool was used to run vertical interference tests (VITs) that provided data on the average permeability 
of the cemented annulus between the casing and formation [7, 8, 9, 10, 11].  The average permeability of 
the annulus includes the impact of poor bond, poor placement, degradation, fracture, and contamination 
of the cement. In addition, nineteen cased-hole sidewall core samples were collected from three wells.  
The samples were analyzed to provide additional point estimates of porosity and permeability. The 
sidewall core samples also provided geomechanical and cement composition data.     
The results provide insight into the pre-injection condition of existing wells.  The laboratory 
measurements of liquid permeability were generally in the range of micro to nano Darcy and indicate that 
the well cements have maintained their integrity despite exposure to the formation brines.  The CHDT* 
cased hole dynamics tester measurements showed tight cements in one well and a permeable annulus in 
the other well.  The results of VITs, when compared to lab measurements, imply interfaces between 
casing and cement or cement and formation are more significant with respect to leakage than leakage 
through the cement itself. 
2. Project Wells and Data Collection 
The wells (Figure 1) were constructed as production wells.  There were three wells in Carbon County, 
Wyoming and two wells at the Rocky Mountain Oilfield Testing Center (RMOTC) in Natrona County, 
Wyoming.  The Carbon County wells were completed in 2002 (CC1) and 2004 (CC2 and CC3).  The 
RMOTC wells 43-TPX-10 and 46-TPX-10 were completed in 1985 and 1996, respectively.  Since 
production, the RMOTC wells have been used for technology testing. The Carbon County wells were 
constructed using 7-inch, J55 casing and cemented to the surface in a single stage using lightweight 
Portland cements.  The RMOTC wells were constructed using 7-inch K55 or J55 casing and cemented in 
two stages using Class G cement or 50/50 Pozzmix 
The Isolation Scanner* cement evaluation and the SCMT* slim cement mapping tool were used to 
provide maps of the condition of the casing and cement as well as the interfaces between the casing and 
cement and between the cement and formation. The CHDT and MDT* modular formation dynamics tester 
were used to collect permeability data in the annulus between the casing and the formation.  The CHDT 
was used to collect point permeability data and single-phase fluid samples from behind the casing in 
multiple locations.  The MDT was used to collect average flow property data over 10-foot vertical 
sections in CC1 and 46-TPX-10.  The MSCT* mechanical sidewall coring tool was used to collect cased-
hole sidewall cores one inch in diameter by two inches in length). The cased-hole sidewall cores were 
collected over the same intervals tested using the dynamic testers.  Cased-hole cores were also collected 
in 43-TPX-10.  The cores allowed comparison of in situ and lab permeability.  The logging program for 
each well is described in Duguid et al. [6].   
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Figure 1  Well sketches for the project wells.  Note:  TOC =Top of Cement 
3. Analysis Methods 
 The cores were observed using an optical microscope and their crystalline mineral composition 
inferred from X-ray diffraction (XRD) carried out at Los Alamos National Laboratory.  XRD studies of 
core were conducted by scraping the surface of the cement core, grinding the small amount of powder in 
mortar and pestle with acetone, and mounting it on a quartz plate. From the cement plug two samples, one 
facing the casing and the other facing the formation, were analyzed. In a small number of cases, a larger 
quantity of material was prepared for a traditional deep-pack mount. 
The cements from the cores were analyzed using multiple techniques with TerraTek*  rock mechanics 
and core analysis services.   Cement porosity was measured on samples dried at 60 °C under 2.76 MPa 
(400 psi) confining pressure using helium intrusion. Permeability was measured by taking plugs of the 
cement samples and loading them into a hydrostatic pressure vessel. The samples were then vacuum-
saturated with a 6791 mg/l NaCl solution (similar to the formation brines).  A constant injection pressure 
of 1.38 MPa (200 psi) was maintained.  The flow rate and differential pressure across the sample was 
recorded throughout the test.  Permeability to brine was calculated using standard Darcy permeability 
equations.  Each set of samples was tested at conditions similar to the in situ conditions based on the 
formation pressures and temperatures measured during CHDT testing. The CC1 samples were run at 31.7 
°C and 3.28 MPa (475 psi) confining pressure. The 46-TPX-10 samples were run at 79.4 °C and 12.06 
MPa (1750 psi)  The 43-TPX-10 samples were run at 96.7 °C and 16.55 MPa (2400 psi).     
 VITs were run in CC1 and 46-TPX-10 using the MDT.  Two one-foot zones were perforated ten-feet 
apart in each well.   The tool string (Figure 2) used two modules to measure pressure changes in the well 
after pressure was applied at the surface.  The lower module, the MRPA, contained packers that isolated 
one set of perforations and measured the pressure in the packed off interval. The MRPS module measured 
the pressure in the well outside the packed off interval.  Figure 2 shows the field data collected in CC1. 
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Figure 2 VIT tool and test schematic (Left) and VIT test raw data (Right).   The raw test data shows two sets of data for each
module because each had two different pressure transducers.  The data show the initial testing of the modules and surface equipment 
between 0 and about 1,700 seconds.   At around 1,700 seconds the packers are set and monitored. At about 1900 seconds a test is
conducted by applying pressure at the surface causing the initial jump in both the MRPA and MRPS data and the initial decline in 
the packer data.   The decline in packer pressure and the initial increase in MRPA data is not indicative of flow but is direct pressure
transmission through the packers.  The first test was stopped around 7,400 seconds following which a second test was conducted.
The MDT VIT datasets were analyzed using a parameter estimation technique described in Gasda et
al. [7].  The forward model solves an axially symmetric single-phase flow equation with a standard 
numerical method [8].  The model simulates the pressure and flow that develop exterior to the casing due
to the imposed pressure transient between perforated sections of the well. The model pressure transient
can be compared directly with measured data taken at the MRPA gauge.  The parameter estimation 
method automatically determines the ‘free’ parameters that produce the best match to the data. The
primary free parameter of interest is the effective wellbore permeability, which is an average measure of 
permeability of the cement barrier system in the well section between the perforated zones.  This value
integrates the permeability of all components of the barrier, which includes the casing-cement and
cement-shale interfaces [8, 9] and any damage zone in the rock immediately adjacent to the cement. In 
addition to wellbore permeability, the secondary parameters of interest are effective wellbore
compressibility, shale permeability and shale compressibility. These values can be estimated
simultaneously with wellbore permeability if good estimates are not available prior to the analysis. 
However, the parameter estimator works most effectively with fewer free parameters, and in this analysis
the secondary parameters are fixed when estimating wellbore permeability. In the VIT analyses from the
46-TPX-10 and CC1 wells, the simulation domain consists of the shale interval bounded above and below 
by permeable zones. The shale and permeable zones were assumed to have homogeneous permeability
and compressibility. The shale was assigned a permeability and compressibility of 0.06 D and 0.021
GPa-1, respectively, which are similar to shale properties measured during this study. The well section 
was also assigned a fixed compressibility of 0.021 GPa-1. The permeable zones are assumed to be 100 mD
with a compressibility of 0.60 GPa-1. These values are within the range of reasonable values for 
permeable sandstones.  The parameter estimation can be sensitive to these parameters, depending on the
proximity of the VIT well section to the permeable zones.  In these analyses, the VIT was performed far 
above the permeable zone at 18.29 m (60 ft) for the 46-TPX-10 and 304.8 m (1000 ft) for the CC1 tests,
M
R
P
S
M
R
P
M
R
P
Perforated 
zone
Upper 
packer
Lower 
packer
MRPA
MRPS
Perforated 
zone
 Andrew Duguid et al. /  Energy Procedia  37 ( 2013 )  5661 – 5672 5665
thus the permeable formation properties have little effect on the solution. The domain extends 1524 m 
(5000 ft) from the center of the wellbore and no-flow boundaries are described at the outer and 
top/bottom boundaries.  The solution is also insensitive to boundary conditions  
The CHDT measurement procedure uses an integral drill to bore a hole 7 mm in diameter though the 
casing.  The tool then places a probe over the hole establishing hydraulic communication with the cement. 
The probe is then connected to the flowlines and gauges in the tool to create and record a pressure transient 
that can be analyzed to back-out cement permeability. Once the test is complete, the hole can be plugged 
preserving casing integrity. Assuming the pressure of the fluid in the tool flowlines is higher than that in the 
annulus, cement permeability is inferred through a passive pressure decay measurement through the hole in 
the casing. The decompression of the fluid in the tool will cause the pressure decay from the initial (e.g. 
borehole) pressure to that of the formation. Combining fluid mass conservation in the tool with pressure 
solution from the probe shows that the pressure decay is exponential with a characteristic time constant that 
is directly related to cement permeability. An analytical solution was obtained for the case when the hole 
depth extends to the casing-cement interface [12]. For the case when the initial pressure in the tool is lower 
than that in the annulus, the same argument applies and the observed pressure exhibits an exponential 
buildup governed by the cement permeability. 
A special procedure was developed using numerical modeling to check the consistency of the 
permeability estimates as the probe was progressively advanced within the cement interior. A correction 
term responsible for the effect of finite penetration on the pressure evolution was calculated numerically 
because the resulting mixed boundary value problem has no known analytical solution. An effective radius 
approach traditionally used in well test interpretation does not apply here since the probed domain 
(cemented annulus) is finite and its thickness is comparable to the drill-bit penetration. A perturbation 
pressure solution was developed with the correction term F defined as a function of two dimensionless 
variables representing geometry of the problem: rp/Lc and Lp/Lc, where rp is a drill-bit radius, Lc is cement 
thickness, and Lp is a depth of the drill-bit penetration into the cemented annulus [13].  
The interpretation procedure [12, 13] included: fitting the exponential curve to the observed pressure data, 
obtaining the characteristic relaxation time constant  from the pressure data fit, computing the value for the 
correction term F for a given penetration of the probe, and computing the cement permeability kc according 
to:  
    ʹʹͳ Ǣ ǡ
Ͷ
p p p
c
p c c c
r r LcVk F
r L L L
            (1) 
 
where  is the fluid shear viscosity, c  is fluid compressibility, V is the effective volume of the tool. The 
evaluation technique can be reapplied for each drill-bit penetration Lp. If the values of kc obtained at various 
penetration depths Lp differ significantly, cement heterogeneity is indicated. 
4. Results 
 Data collection for Carbon County wells started in March, 2010  and finished at the end of July, 2010 
with the RMOTC wells. The data collection for each well started with non-destructive logging 
techniques.  The Isolation Scanner and SCMT were run at the start of the job providing maps used to 
identify testing and sampling points.  The maps included internal and external casing radii, casing 
thickness, which can identify casing corrosion, and cement acoustic impedance to determine the quality 
of the cement.  Other maps showed flexural attenuation, solids, liquids, and gasses behind the casing, 
suspected hydraulic communication, and the third (cement/formation) interface.  To orient the cores in the 
well and provide information on any changes to the well that the testing may have caused, the Isolation 
Scanner was also run again at the end of the jobs. The orientation of the cores is important because it will 
allow the lab measurements of the flow properties to be correlated to the cement maps.  The CHDT was 
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used to collect point permeability measurements and fluid samples in CC1 and CC2 and both RMOTC
wells.  The CHDT tests provide points for correlation of flow properties on the logs and the fluid samples
provide information on the chemical environment of the well and cement. The MSCT sidewall cores
generally consisted of casing, cement, and formation (Figure 3), however, only the cement portion of the 
samples is described in this paper.  The MDT was used to conduct a VIT and characterize the average 
well permeability in tested zones in CC1 and 46-TPX-10.
Optical Microscopy
The 46-TPX-10 core samples had differing cement quality along the wellbore. Cement at upper and 
lower sampling depths in the wellbore was of lesser quality as shown by inclusion of shale fragments
(Figure 3), obvious porosity (Figure 3), softness and friability; cement from the middle of the wellbore is
much denser, harder and durable. Samples collected at 1223.8 m (4015 ft) (Figure 3) and 1226.8 m (4025
ft) exhibited problems with cement mixing or placement.   Both cements had large visible pores and voids
and contained fragments of shale.  The sample at 1432.6 m (4700 ft) had increased visible porosity. All
three 43-TPX-10 cement samples showed no characteristics under the microscope that would indicate any
degradation; the cements appeared hard and dense.  The cements from CC1 collected at 688.8 m (2260
ft), 734.6 m (2410 ft), 768.1 m (2520 ft), 826.0 m (2710 ft), 909.8 m (2985 ft), 912.9 m (2995 ft), and 
960.1 m (3150 ft) were somewhat soft and friable when handled.  The cores collected at 906.8 m (2975
ft), 1051.6 m (3450 ft), and 1111.9 m (3648 ft) were hard.   Many of the cores exhibited cellophane flakes
at the shale-cement interface.  Four cores exhibited problems with cement placement.   The cores
collected at 826.0 m (2710 ft) and 960.1 m (3150 ft) consisted of casing, cement, mud, and shale.  The
cement collected at 1051.6 m (3450 ft) contained fragments of shale.  The core from 1111.91 m (3648 ft)
exhibited a 3 mm wide vertical channel in the cement adjacent to the casing (Figure 3).
XRD
The x-ray diffraction data were fairly uniform throughout the 46-TPX-10 samples. Katoite and
tobermorite were prominent, primary cement phases with minor residual brownmillerite. Portlandite was 
absent except for one small peak in the 1432.6 m (4700 ft) sample. Calcite occurred in some quantities
throughout, and appeared slightly more abundant on the formation side of some samples. There was an
indication of vaterite, but this was difficult to verify given the small sample sizes. The carbonate was
interpreted as developing mostly as a surface coating that formed either in the wells or potentially by
exposure to air in the laboratory. In either case, it appears to be more of a surface impact and does not 
appear pervasive.
Figure 3 Right: CC1 sample from 1111.9 m (3648 ft) showing a 3 mm channel, Center: 46-TPX-10 sample from 1223.8 m 
(4015 ft) showing shale fragments (outlines in red), Left: Core collected at 1220.7 m (4005 ft) in 46-TPX-10.
Morrison Shale Cement Casing 
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Isolation Logs 
 
The results of Isolation Scanner runs showed that it is possible to identify the core locations and the 
perforated intervals that were used for testing and sampling (Figure 4).  The post-testing Isolation Scanner 
logs for each well showed the 3 core points and the individual perforations in the zone where the VIT was 
conducted. The logs collected in both wells imply that the cement in the well is generally intact and well 
bonded.  Both Isolation Scanner and SCMT logs show casing eccentering – thinner cement on one side of 
the well.  Eccentering is indicated by the lighter color vertically along both sides the 46-TPX-10 SCMT 
Map track and on the left side of the CC1 SCMT Map track.  In 46-TPX-10, it is also shown by the lower 
acoustic impedance and flexural attenuation, vertically, along the left sides of the Micro Bonding Image 
and Flexural Attenuation tracks.  In CC1 the thinner cement shows up as a wood-grain pattern along the 
right side of the Micro Bonding Image track and a corresponding lower flexural attenuation in the 
Flexural Attenuation track. 
 
Sidewall Core Cements 
  
The porosities and permeabilities of the cement samples from each well were in the general range 
expected for well cements, in the hundredths to thousandths of a milliDarcy range for permeability and 35 
to 70% in porosity. However there were some samples that showed higher than expected values.   Details 
of the cement sample characterization are provided in Table 1.  
 
Table 1  Cement core lab data.  Note the formation abbreviations are: ALS = Alcova Limestone, EAn = Ervay Anhydrite, LSh = 
Lewis Shale, MLS = Minnekahta Limestone, MSh = Morrison Shale, OSh = Opeche Shale, RSh = Red Peak Shale, SSh = Sundance 
Shale.     
 
 
 
 
Well 
 
Sample 
Depth 
(m) 
Sample 
Depth 
(ft) 
Formation Porosity 
(%) 
Liquid 
Permeability 
(md) 
As-Tested 
Density 
(g/cm3) 
Initially 
measured 
Density 
(g/cm3)  
CC1 688.8 2260 LSh 65.4 0.039 1.304 1.43 
CC1 734.6 2410 LSh 64.17 - 1.132 1.33 
CC1 768.1 2520 LSh 77.93 - 0.769 1.15 
CC1 906.8 2975 LSh - - - - 
CC1 910.4 2987 LSh 63.34 0.033 1.099 1.42 
CC1 912.9 2995 LSh 66.35 - 1.258 1.41 
CC1 960.1 3150 LSh 63.49 4.63 - - 
CC1 1051.6 3450 LSh 27.28 0.001 - 1.96 
CC1 1111.9 3648 LSh 55.68 0.004 1.104 1.39 
43-TPX-10 1625.2 5332 EAn 41.25 0.012 1.62 1.81 
43-TPX-10 1639.8 5380 MLS 42.74 6.37E-05 1.54 1.79 
43-TPX-10 1644.7 5396 Osh 42.35 0.009 1.66 1.73 
46-TPX-10 1220.7 4005 MSh 55.38 0.022 - 1.54 
46-TPX-10 1223.8 4015 MSh 53.48 0.025 - 1.51 
46-TPX-10 1226.8 4025 MSh - - - - 
46-TPX-10 1312.2 4305 SSh 31.31 0.0001 1.759 1.71 
46-TPX-10 1347.2 4420 ALS 37.85 0.0004 1.846 1.91 
46-TPX-10 1354.8 4445 RSh 27.32 0.0003 1.942 2.06 
46-TPX-10 1432.6 4700 RSh 63.07 0.449 - 1.60 
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Figure 4 Well Isolation Maps.   Top: 46-TPX-10. Bottom: CC1.  Blue boxes represent intervals where cores were collected.  Green
Boxes represent zones that were perforated for VITs. Note: depths in the left-most track are in feet.
(MRay)
(MRay)
(DB/M)
(DB/M)
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VIT 
 
VITs were run between 1222.2 and 1225.3 m (4010 and 4020 ft) in 46-TPX-10 and between 908.3 and 
911.4 m (2980 and 2990 ft) in CC1.  The best-fit model results (Figure 5) were obtained using the 
parameter estimation described above. The 46-TPX-10 data matched best when using a wellbore 
permeability of 170 mD, while the CC1 data matched best with a wellbore permeability of 25 mD.)  The 
pressure increase was measured from the time the MRPS pressure stabilized in the upper perforated zone, 
about 60 seconds into the test for 46-TPX-10 and 150 seconds into the test for CC1.  The initial sharp 
pressure increase recorded in the MRPA gauge (between the packers) is caused by pressure transfer 
through the fluid-filled rubber packers.  This is evident in Figure 2 where the packer pressure plot shows a 
pressure change that corresponds to the initial jump in the well pressure upon pressuring up from the 
surface, around 1900 seconds.  The pressure increase due to the test’s effect on the packers was modeled 
by imposing an increasing pressure condition in the lower perforated zone that matches the MRPA data.  
The pressure condition was removed once the MRPS pressure stabilized, allowing the pressure transient 
to evolve naturally due to flow in the cemented annulus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5  Best-fit model results to VIT data from the 46-TPX-10 (left) and CC1 (right) wells. Shown are the measured MRPA data 
in blue and the model results obtained from parameter estimation in red.  The uncertainty of the best-fit solution is tied to the PDF of 
estimated wellbore permeability values produced by the parameter estimation algorithm [5].  The 95% confidence in the best-fit 
solution is bracketed by the dotted red lines. 
 
CHDT Tests 
Sixteen CHDT tests were performed in two wells at RMOTC and two wells in Carbon County. Estimates 
for cement permeability varied from as low as 0.2 D (characteristic pressure relaxation time of several 
hours) to as high as 10 D (characteristic pressure relaxation time of several seconds). The accuracy of 
estimates for low permeabilities was limited by the quality of the seal around the hole in the casing. 
The methods presented are rigorous if the formation permeability is much larger than the cement 
permeability, however, they are limited to qualitative interpretation if the formation permeability is low.  For 
example, Figure 6 (left) shows the pressure evolution and drill penetration recorded during a test in 46-TPX-
10 in Morrison Shale at 1222.2 m (4010 ft). Comparing the characteristic relaxation times for pressure 
buildups with penetration in the annulus (at 15200–15650 seconds and 15650–16280 seconds) to the one 
with penetration past the annulus (16580–17300 seconds), one can estimate that in all three cases the values 
of characteristic exponential relaxation e to 40 seconds and  the penetration of the drill-bit doesn’t 
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change the speed of pressure build-up. The similarity in pressure responses suggests the annulus offers
negligible resistance to flow and, therefore, a deteriorated ability of the cement to provide hydraulic
isolation. Although Equation 1 cannot be strictly applied in this case, it provides a lower estimate of the
cement permeability. Based on the permeability of the cemented annulus was 2 mD or higher.
Another example of CHDT cement evaluation is shown in Figure 6 (right). The test was performed
across Lewis Shale at the depth of 908.3 m (2980 ft) in CC1.   Consistently slow recoveries exhibited by 
pressure (less than 0.24 MPa (35 psi) over 1000 seconds time span) both after the drill-bit penetrated the
cemented annulus and when it penetrated into the formation (past 7380 seconds) suggest that the cemented 
annulus at this location does not provide a permeable path to zones with high permeability.
Figure 6 CHDT plots showing drill bit penetration and pressure buildups. Left: Well 46-TPX-10 (Morrison Shale), depth 1222.2 m 
(4010 ft): fast pressure buildups both in the annulus and in the shale suggest deteriorated isolation.  Right: Well CC1 (Lewis Shale),
depth 908.3 m (2980 ft): very slow pressure recovery both in the annulus and shale suggest that cement does not provide a 
permeable path.
5. Discussion
In 46-TPX-10 and CC1 the Isolation Scanner and SCMT logs show cement in good condition and
generally well-bonded across the VIT zones. The logs indicate eccentered casing in both of the wells.
The results of the sample characterization largely indicate the cements were likely not degraded, with 
permeability values in the sub-microdarcy to tens-of-microdarcy range.  However some results imply 
there may have been problems with cement placement or quality.
Physical and XRD examination of the samples indicates there were problems with cement placement. 
Based on physical appearance the cement in 46-TPX-10 at 1223.8 m (4015 ft) and 1226.8 m (4025 ft)
may not have been an effective hydrologic barrier due to obvious voids and porosity.  The inclusion of 
shale in the samples may indicate that the wellbore was not sufficiently clean prior to cement placement 
potentially leading to poor bond at the cement-shale interface.   The liquid permeability at 1220.7 m 
(4005 ft) and 1223.8 m (4015 ft) were measured to be 0.022 and 0.025 mD respectively. This corresponds
to the high end of the expected range for the cement used in the well. The high permeability values may
indicate some degradation of the cement’s ability to provide hydraulic isolation.   This is in contrast with 
the cement collected at 1312.2 m (4305 ft), 1347.2 m (4420 ft) and 1354.8 m (4445 ft) which were solid, 
had good contact with caprock, and were an order of magnitude less permeable. The sample collected in
46-TPX-10 at 1432.6 m (4700 ft) had a permeability of 0.449 mD and a porosity of 63.07%.  The
annulus shale
annulus formation
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permeability and porosity are higher than would be expected for undamaged cement. The Portlandite 
(Ca(OH)2) peak in the XRD at 1432.6 m (4700 ft) indicates the sample is Class G and not Pozzmix 
cement and has not been leached by ambient brines.  Portlandite has been shown to be one of the first 
cement materials to react [14].  The lack of Portlandite in the overlying samples is because they are 
composed of Pozzmix cement and not leaching.  The pozzalon reacts during hydration with the other 
cement components to form calcium-silicate-hydrate instead of Portlandite [15].  
 In several cases samples in CC1 showed high permeabilities, high porosities, or problems with cement 
placement, possibly indicating loss of isolation properties.  The cement sample collected at 960.1 m (3150 
ft) had a permeability of 4.63 mD and a porosity of 63.49%. The permeability was three orders of 
magnitude higher than all of the other values measured which indicates possible contamination or 
degradation. The core collected at this depth consisted of casing, cement, mud, and shale.  It is possible 
that this sample exhibits high permeability due to mud contamination.  The sample collected in CC1 at 
768.1 m (2520 ft) had a porosity of 77.93% and may also indicate ineffective cement.  The channel 
adjacent to the casing in the cement collected at 1111.9 m (3648 ft) (Figure 3) and shale fragments in the 
sample collected at 1051.6 m (3450 ft) both indicate problems with cement placement.    
 The CHDT tests near the VIT intervals provided results similar in magnitude to both the lab 
measurements and the VIT estimates. The measurement in the shale permeability range, CC1 at 908.3 m 
(2980 ft), implies that the cement from that point was intact.   This is in general agreement with the 
permeability value, 0.033 mD, measured in the lab on the 910.4-m (2987-ft) sample. However, the VIT 
over the same zone showed a 25 mD permeability and was likely measuring the ability of the interfaces 
and not the cement to flow.  The CHDT test in 46-TPX-10 at 1222.2 m (4010 ft), estimated permeability 
to be higher than 2 mD, did not show any changes in the speed of the pressure build-up with penetration 
depth.  This indicates that the cement in that zone was damaged or the cement-casing interface was not 
isolating.   
 The cement samples in 46-TPX-10 generally indicate that the cement in the well is intact.   However, 
the CHDT test at 1222.2 m (4010 ft) and the VIT test in the well showed higher permeabilities.   Similar 
to the CC1 well the difference between the cement measurements and the other tests likely indicates that 
the interfaces in the well are more permeable than the cements in the annular space 
6. Conclusions 
Samples and tests analyzed from three of five wells studied in showed the cements were largely intact 
and had not degraded from exposure native brines.  The results of the CHDT measurement at 1222.2 m 
(4010 ft), the VIT in 46-TPX-10, and the VIT in CC1 provided permeability estimates well above the 
magnitude expected for intact cements. The logs of the wells showed generally good bonding and 
cements over the same intervals but they also showed that the wells were eccentered.  The log results 
taken in conjunction with the lab measurements indicate that interfaces and/or problems with cement 
placement due to eccentering provide preferential flow paths for fluids, which can increase the effective 
permeability of the barrier several orders of magnitude above the permeability of intact cement.  The 
results of the maps created using logging tools indicating that the cement condition and bond are 
generally good identify a need for more research to understand how logs can be used to predict effective 
well permeabilities such as those measured by the VITs in this study. 
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